In this paper, an experimental verification of a recently published peak limiting switching cell model is performed, aiming verification of a model that predicts an infinite number of discontinuous conduction modes, an area where these modes occur, as well as the switching cell output current depending on the circuit parameters. To verify the model, an extensive set of measurements is required, and an automated measurement system had to be applied. The measurement system is described, entirely based on free software and programmed in Python. Dependence of the switching cell output current on the control input is measured for four sets of the switching cell output voltages. Besides that, occurrence of specific periodn discontinuous conduction modes is recorded. Experimental results verified the analytical predictions.
I. INTRODUCTION
Since its introduction in [1] , peak limiting current mode control has been a popular method to control switching converters. Already in [1] , issue of subharmonic instability is addressed, and further analyzed in [2] . Averaged models of converters that apply the method are presented in [3] , [4] , and the analyses included the second pole at high frequencies.
These analyses assumed period-1 limit cycle, with the fundamental period equal to switching frequency in steady state, and the continuous conduction mode (CCM).
On the other hand, discontinuous conduction mode (DCM) is frequently modeled starting from pulse width modulated converters [5] - [7] , and the results were extended to current mode controlled converters relating the peak inductor current to the duty ratio. Again, period-1 limit cycle is assumed, and in steady state fundamental frequency is equal to the switching frequency.
These fundamental results are incorporated in classical power electronics textbooks, like [8] .
Nonlinear effects in the peak limiting current mode control, like period doubling and chaos, have been discussed in [9] - [14] , primarily focusing critical points, bifurcations, and the onset of chaos. These models frequently involve the control loop, making the model more complicated, and the equations This work is partially supported by the Republic of Serbia Ministry of Education, Science, and Technological Development under grant TR 33020. harder to follow. Also, the analyses focus continuous conduction mode, which is required to obtain non periodic behavior and chaos.
An approach frequently used in analysis of switching converters is the switching cell approach, where the switching part of the circuit is separated. Prominent examples include [15] - [19] . At the first stage, dynamics of some filtering components is neglected, in the case of capacitors assuming that they could be adequately represented by voltage sources subjected to constraint that their steady state average current equals zero. The switching cell is then modeled and the terminal currents and voltages are averaged. In the next step, the averaged switching cell model is used to model previously neglected slow dynamics of filtering components. In this paper, the switching cell approach is used to model nonlinear effects in peak limiting current mode controlled switching cells.
This paper presents experimental verification of predominantly analytical results presented in [20] - [22] . Initial results presented in [20] had been slightly extended in [21] , where some results included in presentation of [20] , but not in the paper itself, were documented. These papers covered buck converter, and the only experimental result that confirmed the theory was a recording of a period-2 operating mode. In [22] , which is an extension of [2] and entirely theoretical, the results of [20] , [21] were generalized to cover boost and buck-boost converters. The model predicted existence of an infinite number of period-n discontinuous conduction modes, as well as the dependence of the switching cell output current on the control variable and the output voltage. This work aims to experimentally confirm the results of [20] - [22] by verifying existence of the higher period number discontinuous conduction modes and the dependence of the switching cell output current on the control variable and the output voltage. This is important since the switching cell model of [20] - [22] does not include any losses, and although firm mathematical procedures with exact solutions of the differential equations are applied, it was theoretically possible that some nonmodeled effects prevent the onset of scenarios being predicted.
II. HYPOTHESES TO BE VERIFIED
In [20] - [22] , occurrence of higher period number discontinuous conduction modes is predicted in some of the cases where 978-1-7281-5067-3/19/$31.00 ©2019 IEEE period-1 continuous conduction mode exposes unstable limit cycle. Besides that, for specified values of the switching cell input voltage, output voltage, and maximum of the inductor current, which is the control variable, the output current of the switching cell is predicted. The only experimental result presented so far was given in [20] where period-2 discontinuous conduction mode of a buck converter is shown. Capturing the higher period number discontinuous conduction modes proved to be difficult, since it was hard to control the converter output voltage and fine tuning of the converter parameters was required. According to predictions of [22] , the area covered by the higher period number discontinuous conduction modes is larger for boost and buck-boost converters than for the buck converter. Due to simpler driving circuitry and absence of polarity change, boost converter is chosen to perform the experiments.
In order to justify predictions of [20] - [22] , the aim is to: 1) verify dependence of the switching cell output current on the control variable, i.e. peak value of the inductor current, and 2) verify existence of higher period number discontinuous conduction modes. To fulfill these requirements, the experimental setup and corresponding measurement system are constructed.
III. EXPERIMENTAL SETUP
To fulfill the requirements, an experimental setup has been built using components and equipment already available in the lab. The experiments are designed such that the input voltage is kept constant at V IN = 5 V. The output voltage V OU T is enforced to take one of the values 12 V, 17 V, 24 V, or 29 V. The set is chosen according to available sources in the lab, two sources with 12 V and one source of 5 V. After the output voltage is set, it is kept constant, and the peak of the inductor current, being the control variable, is varied from zero to about 2.5 A in 5000 data points. For each data point the output current I OU T is recorded using Keysight 34461A 6 1 2 digit multimeter. Also, waveform of the inductor current is recorded using Tektronix TBS 1052B-EDU digital oscilloscope. Such an extensive measurements could be performed only by an automated measurement system. The automation of measurements is performed according to [23] , by the use of Python programming language, supported by numpy and scipy modules for numerical computing, matplotlib module for generating the plots, and usbtmc module to support instrument connectivity. The measurement process is supervised by a personal computer running under Linux Mint operating system. Besides the digital multimeter and the oscilloscope, the measurement setup requires signal generator Keysight 33500B to provide the clock, and signal generator Agilent 33220A to assign the control variable. All four programmable instruments are connected to the computer using USB connections.
A. The Boost Converter Switching Cell
A converter built around a switching cell that exposes subharmonic instability is difficult to control. To decouple different effects the output voltage is impressed in the same manner as the input voltage, by the use of a standard laboratory voltage source. A boost converter switching cell depicted in Fig. 1 is constructed using IRF1010N MOSFET, 1N5819 diode, and an inductor with L ≈ 1 mH. In parallel with the inductor a resistor R L = 1 kΩ is placed, not shown in Fig. 1 , to reduce ringing in order to get clear diagrams. This slightly increases losses in the switching cell. To filter the output current, capacitor C = 330 µF is used. The switching cell is operated at the switching frequency of 8 kHz, low enough to reduce parasitic effects common in improvised setups. In parallel to the voltage source that enforces the output voltage, resistor R load is added, and its value is adjusted in the experiment initial stage to provide that i load stays positive during the entire set of measurements for a specified output voltage. Fig. 1 . Experimental setup, power processing part.
B. Current Measurement
Information about the inductor current waveform is required for recording and for the switching cell control. For both of the purposes, Tektronix current probe TCPA300 with AM503 probe amplifier is used. The signal is supplied to the oscilloscope, and using a T-segment for coaxial transmission lines it is returned back to the control circuitry. In this manner, two tasks are performed at once, and a high quality measurement signal is obtained to perform the peak limiting current programming.
C. Current Control Loop
The current control loop is presented in Fig. 2 . Some auxiliary components, like blocking capacitors and a damping resistor are not shown, since they are layout dependent and fairly common. The operational amplifier LF351 is used to magnify the current probe signal v CP to reach the levels comfortable to manipulate. Besides, the amplification provides some filtering. The first comparator, LM311, compares the magnified signal from the current probe and the peak current level assigned by V m . When the peak current level is reached, the first comparator resets the second one, which is configured to provide latching. The second comparator is set by v clock from the signal generator, and it controls the MOSFET driving circuit being connected to the gate voltage v G . In this manner, peak limiting current mode control is performed regardless the output voltage, since V m is being assigned as an independent variable, and the output voltage had to be impressed. It should be noted that LM311 has an open collector output, hence 1 kΩ pull-up resistors were added, and the logical zero reference (pin 1) is set to the ground voltage level. 
IV. EXPERIMENTAL RESULTS
The described setup is used to verify dependence of the converter output current on the assigned peak inductor current value and the existence of higher order discontinuous conduction modes by performing four sets of measurements, for values of V OU T of 12 V, 17 V, 24 V, or 29 V. For each value of V OU T 5000 measurements are performed for V m being varied from 0 to 10 V, which corresponds to I m range from 0 to almost 2.5 A. At each of the points the output current is measured, as well as the waveform of the inductor current is recorded. In total, 20,000 measurement points are presented in this paper, and the waveforms to be presented are selected from this set.
A. Dependence of the Output Current on the Switch Current Peak
The first aim was to measure dependence of the switching cell output current on the assigned peak current value, and the results are presented in Figs. 3-6 for V OU T values of 12 V, 17 V, 24 V, and 29 V, respectively. The diagrams indicate that measured output current is always lower than analytically predicted by [22] , which is expected since the model of [22] did not include any losses. Qualitative behavior is matched, and effects caused by the losses are more pronounced at higher peak currents and the higher output voltages. Overall impression is that the model captured behavior of the switching cell, regardless the fact that the losses had been neglected, as well as the diode reverse recovery and time delays of the comparators. In that sense, analytical predictions of [22] are verified by presented experimental results.
B. Existence of Higher Order Discontinuous Conduction Operating Modes
Another issue that required experimental verification is the existence of higher period number discontinuous conduction modes. All of the diagrams presented in this subsection are obtained at V OU T = 17 V and ordered according to the ascending period number, not the ascending value of the peak current I m . Caption of each figure states the assigned value of I m at which the diagram had been captured. In all of the diagrams, the yellow trace represents the clock signal, and it is used to determine the period number, while the blue trace represents the inductor current.
To start with, period-1 DCM is presented in Fig. 7 , and completely matches the expectations. Period-2 DCM is presented in Figs. 8 and 9 , to illustrate that the same period number can be achieved with quite different waveforms and switching pattern.
Period-3 DCM operation is depicted in Fig. 10 . Again, to illustrate different inductor current waveforms for the same period number, in Figs. 11 and 12 waveforms for period-4 operation are presented.
Period-5 and period-6 operation are recorded in Figs. 13 and  14 , respectively. The higher the period number is, the narrower is the region it occurs, thus it is harder to set the parameters to stably and repeatedly record the operating mode. The last consecutive period numbers that can be recorded are periods 7, 8, and 9, depicted in Figs. 15, 16 , and 17, respectively in an exponential manner. Period-13 DCM operation is shown in Fig. 18 , and such high period numbers are hard to record in a stable and repetitive manner. The problem is that in continuous conduction intervals the system is unstable and sensitive to initial condition variations, and that large number of consecutive continuous intervals increases the sensitivity. Recorded waveforms proved existence of higher order discontinuous conduction modes, as predicted by the models of [20] , [21] , and [22] . Prevously, the only experimental confirmation of higher period number discontinuous conduction modes predicted in [20] - [22] was period-2 operation shown in [20] .
V. CONCLUSIONS
In this paper, a nonlinear switching cell model of peak limiting current mode controlled converters of [20] - [22] is Verification of the switching cell model focused on measuring the dependence of the switching cell output current on the control variable and the switching cell output voltage, as well as the existence of higher period number discontinuous conduction modes predicted by the model. A boost converter switching cell was used to build the experimental model, being convenient due to unipolar voltages, absence of the high side driver, and a wide region where phenomena of interest occur [22] .
To perform the measurements, an automated measurement system had to be created. The system assigns the peak inductor current and records corresponding waveforms and the switching cell output current. Software that runs the system is written in Python programming language and does not require any proprietary software components [23] . Extensive coverage of the peak current space is obtained by 5000 data points. Time required to collect the data per one value of the switching cell output voltage is in the order of a day.
The experiments completely confirmed analytical predictions, and waveforms up to period-13 discontinuous conduction mode have been recorded. Minor discrepancy between the measured switching cell output current and the analytically predicted one could be attributed to the switching cell losses, not included in the original model.
